High throughput gene expression profiling with DNA microarray provides an opportunity to analyze transcriptional regulation of hundreds or thousands of similarly regulated genes.
Introduction
Clusters of microarray gene expression patterns indicate similar regulation of gene expression, which is likely due to common transcriptional regulatory mechanisms. The transcriptional regulatory mechanisms are mediated through transcription factors that typically interact with short DNA sequence motifs in the promoter region. Insulin-like growth factor 1 (IGF-1) modulates myocardial gene expression and regulates important cardiac muscle functions (1, 2) .
In theory, a growth factor such as IGF-1 activates a specific set of signaling pathways that regulate specific transcription factors and hence modulate gene transcription. Thus, IGF-1 may modulate clusters of genes in microarray experiments through activation of common promoter sequence motifs. Recent developments in computational methods permit scientists to locate potential transcription factor binding sites based on microarray data (3, 4, 5) . These computational models have been somewhat successful in identifying specific regulatory motifs in the yeast genome (3, 4, 5) , but effective computational strategies to identify promoter motifs in mammalian genes have not yet been developed. Compared to the yeast, the structure of promoters in mammalian genes is more complex in size, location, and variability. Thus developing effective computational strategies to locate specific motifs from mammalian microarray experiments faces additional challenges. In this study, we have developed a computational approach and identified common promoter motifs that respond to IGF-1 stimulation in cardiac muscle cells.
Experimental Procedures

Primary Cardiomyocytes Culture and Microarray Study
Primary cultures of neonatal cardiomyocytes were prepared from Sprague-Dawley rats according to a protocol we previously described (6) . Each cell preparation was prepared from approximately 40-60 neonates. To study the effects of IGF-1, the cells were serum-deprived overnight and then stimulated with IGF-1 (10 -8 M) for the indicated time intervals. Total RNA was extracted from cardiomyocytes and the quality of each RNA sample was assessed with the Agilent Bioanalyzer 2100. Each sample was pooled from 4 to 5 P100 dishes. All samples used in this study passed quality assurance parameters according to the resulting electrophoresis. The total RNAs were used to synthesize single-stranded cDNA, and these single-stranded cDNA reactions are then used to generate double-stranded cDNA products. An in vitro transcription reaction was performed to produce biotin-labeled cRNA from the double-stranded cDNA. Prior to setup for hybridization, the biotin-labeled cRNA is fragmented to 50-200 bases in length. A small portion of each fragmented cRNA was analyzed on the Agilent instrument to verify that all the fragmented samples are of the appropriate size prior to preparation for hybridization onto the rat GeneChip U-34A (Affymetrix, Santa Clara, California). Hybridization was performed in a cocktail containing fragmented cRNA target, probe array controls, BSA, and herring sperm DNA for 16 hours. Then, the array underwent an automated washing and staining protocol using the Affymetrix Fluidics Station. All GeneChips were read twice by the Affymetrix (confocal laser)
Scanner and the Affymetrix MicroArray Suite (MAS) software calculated an average of the two reads. Differential expression of genes was calculated with the Cyber T program (7), which employs a Bayesian statistical model based on the Student's t-test.
Calculation of Motif Over-representation
The approach we have taken is to write a discovery program, rather than a program that recognizing known binding sites. Consequently programs such as matInspector and rVista were not used. Most motif discovery approaches rely on the fact that the frequencies of motif instances in a set of co-regulated promoter regions are greater than their expected background occurrence rate. This can be explicitly computed as k-mer over-representation in the promoter of IGF-1 regulated genes. We represent motifs as specific words, called k-mers, which allows us to form a more accurate model of its background occurrence rate. Over-representation can be calculated in different ways depending on the choice of the background data and the statistical models. Our previously developed software suite of programs allows us to evaluate these various combinations (3) . For this analysis of IGF-1 regulated promoters we used two different sets of background sequences. The first one is based on scrambled data which is equivalent to a zeroorder Markov Model (8) . The second set of background promoter sequences are derived from 50 genes that are not regulated by IGF-1 according to the microarray data. These 50 genes have the largest P value according to the Bayesian analysis as performed by Cyber T (7) and thus are least likely regulated by IGF-1 in cardiomyocytes. Given a choice of background models, overrepresentation can be computed using the standard binomial model for independent events (9, 10) . For a particular k-mer m, the background data is used to estimate the probability (p) that m will occur. The most surprising motifs in some family are those whose occurrence is least likely.
More precisely, the probability that a k-mer will occur x or more times is given by:
Probability(k-mer m occurs x or more times)
Where n is the number of opportunities for the k-mer to occur in the data set of interest; x is the number of times the k-mer occurs in the data set, and p is the probability that the k-mer will occur at in the background data set. Every k-mer is scored by the above formula and this value is used to sort the k-mers. The highest-ranking k-mers are those with least value and thus represents the k-mers with highest probability of over-representation. Data processing was carried out with a personal computer using programs we have developed.
Nuclear Extracts Preparation and Electrophoretic Mobility Shift Assay (EMSA)
Nuclear protein extracts were prepared as previously described (11) . In brief, cardiomyocytes were scraped off the plates in an ice-cold buffer (10 mM HEPES, pH 7.9, 10 mM KCl, 1 mM DTT, 1.0 mM PMSF, 1.5 mM MgCl 2 , 2 µg/ml aprotinin, 2 µg/ml pepstatin, and 2 µg/ml leupeptin). After centrifugation at 300 g for 10 minutes at 4°C, the cells were solubilized with the above buffer+0.1% Triton X-100 and centrifuged at 12,000 g for 10 minutes at 4 °C. The nuclear pellets were resuspended in a buffer (10 mM HEPES, pH 7.9, 1.5 mM MgCl 2 , 0.42 M NaCl, 1 mM DTT, 0.2 mM EDTA, 1.0 mM PMSF, 25% glycerol, l0.5 mM PMSF, 2 µg/ml aprotinin, 2 µg/ml pepstatin, and 2 µg/ml leupeptin), incubated for 30 minutes at 4 °C, and centrifugation at 
Western Blot
The cells were lysed with lysis buffer (137 mM NaCl, 20 mM Tris-HCl, pH 7.5, 10% glycerol, 1% Triton X-100, 0.5% NP-40, 2 mM EDTA, pH 8.0, 3 µg/ml aprotinin, 3 µg/ml leupeptin, 2 mM phenylmethylsulfonyl fluoride, 20 mM NaF, 10 mM NaPP, and 2 mM Na 3 VO 4 ) and equal amounts of proteins were separated by SDS-PAGE. The proteins were transferred to polyvinylidene difluoride membrane and incubated with a blocking buffer (5% nonfat milk in 
Construction of Plasmids
Gene Silencing with SiRNA
Sp1 siRNA targeted to AATGAGAACAGCAACAACTCC and Sp3 siRNA targeted to AAGTTCTCAGACAATGACTGC were designed under the following principles: GC ratio ≈ 50%, avoid GGG or CCC, sequence begin with AA, and dTdT overhang. These sequences had been digitally searched and no similar sequences were found in current database. The oligos were respectively annealed to create siRNA duplex and was transfected to the cells with
TransMessenger Reagent according to the manufacturer's instructions (Qiagen). The control cells were transfected with a control siRNA duplex (sense UUCUCCGAACGUGUCACGUdTdT, anti-sense ACGUGACACGUUCGGAGAAdTdT), this control siRNA has no known target in mammalian genomes. All siRNAs were purchased from Qiagen (Valencia, CA).
Transfection and Luciferase Assay
Neonatal cardiomyocytes were plated in 24 well plates using DMEM+10% FBS. 
Results
To profile gene expression pattern in response to IGF-1 stimulation, we have previously used DNA microarray spotted on nylon membrane, which revealed that the majority of genes modulated by IGF-1 can be identified after two hours of IGF-1 stimulation in primary cardiomyocytes (6) . We also found that we could reduce false positive results by increasing sample size and excluding minimally expressed genes (6) . Using the same strategy, instead of nylon membrane microarray, we used the Affymetrix rat genome chip U-34A to identify those genes regulated in the cardiomyocytes after two hours of IGF-1 incubation. Five sets of independent samples were included in the control group and the IGF-1-stimulated group; differential regulation of gene expression were analyzed with Cyber T as we previously reported (6, 7) . Only those genes achieved statistical significance (P < 0.05) were included in subsequent analysis. The results showed that IGF-1 up-regulated 107 genes and down-regulated 52 genes.
After excluding those genes that were minimally expressed, we searched existing databases, including GenBank, and retrieved 63 up-regulated genes with more than 500 base pairs of 5'-end promoter sequences immediately upstream from the translation start codon. Our computational analysis was restricted to a maximum of 1000 bases immediately upstream from the start codon.
There are several reasons for limiting the search to 1000 base pair, although we recognize that binding sites could well occur much further away. However, it is likely that the immediate upstream region contains the most important regulatory elements. In order to establish statistical significance via over-representation it is necessary to demonstrate that a particular k-mer occurs much more frequently than one expects. A binding site is typically only over-represented in some local region and the only local region that we can readily identify for X gene is the immediate upstream region.
Motif search assumes that the frequency of the motifs of interest is over-represented in the IGF-1-upregulated genes. Such "over-representation" is defined by comparing the IGF-1-upregulated promoters against a set of background promoter sequences (3). In our analysis, we have used two different types of background sequences. The first is simply scrambled sequences from the promoter included in the analysis (8); the second is the promoter sequences from 50 genes that are not regulated by IGF-1 according to our microarray data. Up-regulated genes were compared respectively to these two sets of background sequences. The over-represented 7-mers in the promoter of the up-regulated genes were correspondingly ranked according to their statistical probability and the top twenty 7-mers were investigated as potential regulatory motifs. To enhance the specificity of analysis, only those 7-mers that were over-represented when compared against both sets of background sequences were selected as potential response elements of IGF-1 activation (Table 1 ). All these 7-mers matched known transcription factors in the TRANSFAC database. The Sp1 consensus motif, adding two different motifs together, is the most common motif in the promoters of those up-regulated genes. To further verify that these sites are potential targets of IGF-1 regulation, we performed similar analysis on the genes that were upregulated by IGF-1 as determined by our previous experiments using microarray spotted on nylon membrane (6) . The results showed that again the Sp1 site ranked as the most likely promoter motif regulated by IGF-1 in cardiomyocytes. These results suggest that the Sp1 binding site is a target of IGF-1 receptor signaling in cardiac muscle cells.
To determine whether the Sp1 binding site is a target of IGF-1 action, the nuclear proteins were extracted from the control and IGF-1 stimulated cardiomyocytes and analyzed with gel shift promoter were completely abolished (Fig 4B) . In comparison, the effects of PMA were not abolished, but attenuated by the Sp1 siRNA. In the cells transfected with Sp3 SiRNA, the effects of IGF-1 and PMA on Cyclin D3 and Glut1 promoter were not affected. Therefore, the stimulatory effects of IGF-1 on these two promoter fragments were not dependent on Sp3. To verify that increased expression of Sp1 lead to activation of Cyclin D3 and Glut1 promoter, we co-transfected pCMV-Sp1 and promoter constructs to H1299 cells as shown in Fig 4C. Overexpression of Sp1 significantly increased luciferase reporter gene activities in the wildtype promoter construct (pGL3-D3-luc and pGL3-Glut1-luc), but Sp1 overexpression did not activate the mutated promoter constructs (pGL3-mD3-luc and pGL3-mGlut1-luc). These data indicate that the transcriptional stimulatory effect of IGF-1 involves increased abundance of Sp1 protein in cardiomyocytes.
Discussion
Understanding how the expression of thousands of genes is regulated in the cell remains a significant and difficult challenge in biology. Traditionally, gene regulation has been studied one gene at a time. It has been anticipated that high-throughput gene profiling may provide an opportunity to compute and identify consensus transcription binding sites in the similarly regulated genes. But, to our knowledge, this is the first report that validates a computational strategy for the identification of common cis-and trans-acting elements in the similarly regulated genes in mammalian cells. This computational strategy may become a useful tool to identify unique cis-and trans-acting elements in response to hormonal stimulation during cardiac muscle growth, repair, and remodeling in the normal and diseased hearts.
The GC-rich region is a known target of IGF-1 regulation (13), and potential Sp1 sites can be found in the GC-rich regions (14) . mRNA levels (17) . These studies render additional support to our finding that the Sp1 motif is a common response element for IGF-1 signaling. Interestingly, another study by Kaytor et al. showed that insulin increased Sp1 binding to the promoter of IGF-1 gene (18) , which suggest Sp1 is also a target of insulin action (18) .
Sp1 and Sp3 belong to the Sp zinc-finger superfamily (14) . Both Sp1 and Sp3 are essential for survival as Sp1 knockout and Sp3 knockout mice died before or at birth (19, 20) . Sp1 is a transactivator/enhancer of gene transcription, but the role of Sp3 in gene regulation is less clear (14) . Sp3 is homologous to Sp1 with similar affinities to the Sp1 binding sites. While Sp3 may enhance Sp1-mediated transcription in a small number of genes, Sp3 may suppress Sp1-mediated transcription in most genes that have been studied (14) . It has been proposed that Sp3 competes with Sp1 binding to the Sp1 motif and thus serves as negative regulator of Sp1 sites. Our data indicated that IGF-1 activation of Cyclin D3 and Glut1 promoters did not involve Sp3.
However, the role of Sp3 in the global transcriptional regulatory effects of IGF-1 will require further investigation. Our result nonetheless proved that up-regulation of Sp1 play a key role when IGF-1 activated the promoter of Cyclin D3 and Glut1. and we have found that k-mer over-representation generally gives the best results, although most methods generally work to some extent. Calculation of k-mer patterns longer than 10 can sometimes be discovered by examining overlapping shorter patterns. On the other hand, short patterns, say of length 4 or 5, are difficult to find. Many patterns of this length will repeat at random, so establishing a statistically significant difference is difficult. We had analyzed our data using 5-mer and 6-mer approach, and the results showed that Sp1 is one of the highestranking motif in the promoters of those genes regulated by IGF-1. Our program permits a wide range of background models and statistical measures which we regularly use, although for brevity, only two were reported in this particular study. Nevertheless, among the different background models we have tried, Sp1 sites consistently ranked among the most likely overrepresentation (i.e. most likely target of IGF 1 action).
In general, our program provides a much wider range of interactive analysis tools than other currently available programs. In the current case, relatively straightforward analysis using our previously published methods was immediately successful, so a more extensive discussion of possible or alternative analysis methods seemed unnecessary, nor was there room for it within the scope of this paper. without pCMV-Sp1. 
